Group B streptococci (GBS) are the leading cause of neonatal sepsis and meningitis in the United States. Despite advances in neonatal intensive care and early antibiotic treatment, neonatal GBS infection still carries a mortality of 5 to 10% (1) . The clinical presentation of GBS infection may vary from asymptomatic bacteremia to fulminant systemic disease resembling the clinical syndrome of gram-negative sepsis (26) . For gram-negative bacterial sepsis, it has been shown that the pathophysiology involves an excessive release of lipopolysaccharide (LPS)-induced cytokines, particularly tumor necrosis factor alpha (TNF-␣) and interleukin-1␤ (IL-1␤) (8, 37) . These two cytokines are believed to mediate reactions associated with clinical deterioration, multiorgan system failure, and death during endotoxic shock. Less is known regarding the cytokineinducing effects of the cellular components of gram-positive organisms, including GBS. To date, no single mediator capable of initiating the entire cascade of inflammatory cytokines that underlie gram-positive sepsis has been identified. Nevertheless, cell walls and specific bacterial components from a variety of gram-positive organisms are known to trigger cytokine release by human monocytes (7, 13, 21, 32) .
GBS infection has been shown to increase serum TNF-␣ levels in animal models of infection (29, 31) and in human neonates (10, 41) . The precise role of TNF-␣ in the pathogenesis of GBS disease in human neonates has not been established. However, animal models have demonstrated its detrimental effects. In addition, the beneficial effect of antibodies directed against TNF-␣ in experimental GBS infection suggest that this mediator may be important in the pathogenesis of GBS sepsis (12, 31) .
Although age susceptibility to infection with GBS has been attributed both to bacterial virulence factors and immaturity of the neonatal immune system (3, 4) , the mechanisms by which tissue injury occurs during GBS infection are incompletely elucidated. In particular, the relative contribution of GBS bacterial components to the induction of the host inflammatory response has not been completely defined. Identifying the bacterial component(s) that induces the host immune response is important, as inflammatory mediators that are released during infection may contribute to tissue injury and deleteriously affect the clinical outcome of disease. In this study, we examined the capacity of whole type III GBS to induce TNF-␣ production by human neonatal monocytes and determined the relative contribution of purified type III capsular polysaccharide (III-PS), group B polysaccharide (GB-PS), lipoteichoic acid (LTA), and peptidoglycan (PG) of GBS to TNF-␣ production.
(This study was presented in part at the 33rd Infectious Diseases Society of America Annual Meeting, San Francisco, Calif., 17 September 1995 [35a] .) 24 -well tissue culture plates (Corning Glass Works, Corning, N.Y.) and allowed to adhere for 1 h at 37ЊC in 5% CO 2 . Nonadherent cells were removed by two vigorous washes with RPMI 1640, and the final concentration in the well was adjusted to 10 6 /ml, based on the calculated number of monocytes plated. The adherent cell population consisted of 85 to 88% monocytes as determined by differential counts using Neat Stain (Mid-Atlantic Biomedical, Paulsboro, N.J.). Viability, determined by trypan blue exclusion, was consistently Ͼ95%. All reagents and culture media used in monocyte isolation contained Յ0.03 endotoxin units/ml by Limulus amebocyte lysate assay (Associates of Cape Cod, Woods Hole, Mass.).
Bacterial strains. An encapsulated type III GBS strain (COH1) originally isolated from the blood of an infant with GBS sepsis was studied together with an unencapsulated mutant of this strain (COH1-13) (provided by Craig J. Rubens, University of Washington, Seattle). The isogenic mutant (COH1-13) was derived by transposon insertion mutagenesis as described previously (29) . Bacteria were grown to log phase in Columbia broth and heat killed by incubating the organisms at 56ЊC for 1 h. Aliquots were stored at Ϫ70ЊC for later use in the experiments.
Isolation and purification of specific components of GBS. III-PS and GB-PS, purified as previously described, were provided by Dennis L. Kasper, Harvard Medical School, Boston, Mass. (23, 40) . Briefly, the III-PS was purified from the culture supernatant of type III GBS. Bacterial cells were removed by using a membrane filtration system, and the culture fluid was concentrated over a 10,000-molecular-weight-cutoff-pore-size membrane (Pellicon). Crude III-PS was precipitated from supernatant fluid by bringing the solution concentration to 80% (vol/vol) ethanol. The dried precipitate was dissolved with 10 mM Tris HCl (pH 7) and treated with RNase (250,000 U) and DNase (100,000 U) and then pronase (5,000 U). Contaminating GB-PS was depolymerized by treatment of the solution with 1 N NaOH overnight at 37ЊC. The preparation was dialyzed and then applied to a DEAE-Sephacel column equilibrated in 10 mM Tris-HCl (pH 7.2) and eluted with a gradient of 0 to 0.2 M NaCl in the same buffer. Column fractions were tested by enzyme-linked immunosorbent assay (ELISA) inhibition using specific rabbit antiserum for the presence of III-PS. Fractions showing inhibitory activity in the type III ELISA were pooled, dialyzed against water, and lyophilized. The GB-PS was isolated from a well-characterized unencapsulated mutant strain (COH31-15) of GBS (19, 29) as described by Michon et al. (23) . The procedure for isolating the GB-PS is similar to that described for the III-PS. The purified material was tested by ELISA inhibition using specific rabbit antiserum for the presence of the group-specific antigen. GBS LTA, purified as previously described, was a gift from Stephen J. Mattingly, University of Texas Health Science Center-San Antonio (20) . Briefly, LTA was obtained from GBS cell pellets by extraction with 90% phenol and chloroform-methanol (2:1, vol/ vol). The extracted material was then purified by DEAE-Sephacel anion-exchange chromatography. This was identified as LTA by its reaction with a monoclonal antibody to poly(glycerolphosphate) and the 1:1 glycerol-to-phosphate ratio. PG was a gift from Michael R. Wessels, Harvard Medical School, Boston, Mass. Purification of GBS PG, not previously reported, was performed as described by Peterson et al. (28) for Staphylococcus aureus, with some modifications. COH1-13 was grown overnight in Todd-Hewitt broth (Difco Laboratories, Detroit, Mich.) at 37ЊC. Bacteria were harvested by centrifugation (10,000 ϫ g, 20 min, 4ЊC) and subsequently washed in sterile deionized water containing 0.01% thimerosal. Washed organisms were mixed with glass beads and disrupted by agitation in a Vibrogen Cell Mill for 2 h in an ice bath. The glass beads were allowed to settle, and the supernatant containing lysed cells was collected and centrifuged twice (1,500 ϫ g for 20 min and 48,000 ϫ g for 30 min, 4ЊC). The crude cell walls were washed six times with sterile deionized water (0.01% thimerosal) and resuspended in 100 ml of 40 mM sodium phosphate buffer (pH 7). To this suspension, 0.2 mg each of RNase and DNase per ml were added, and cells were incubated at 37ЊC for 2 h with gentle shaking. To remove proteinaceous material, trypsin (1 mg/ml) was added, and the mixture was incubated for 3 h at 37ЊC. Pellets were washed three times with sterile deionized water (0.01% thimerosal) and resuspended in 445 ml of 50 mM Tris-HCl containing 10 mM EDTA (pH 8.5). To this, 8.9 ml of Triton X-100 (Sigma) was added, and the mixture was incubated for 1 h at 37ЊC. Pellets were washed six times and resuspended in 445 ml of 0.5 N NaOH to destroy residual group antigen (50ЊC for 48 h). After extraction, pellets were washed three times in sterile deionized water (0.01% thimerosal) and lyophilized overnight. The purity of PG as determined by amino acid analysis showed the amino acids lysine, glutamate, alanine, serine, and methionine present in the following molar ratio (based on lysine ϩ glutamate/2 ϭ 1.00): 0.96:1.04:2.50:0.06:0.02. These molar ratios are in agreement with those reported by De Cueninck et al. (9) for GBS PG.
Endotoxin assay. Specific components of GBS, at a concentration of 10 g/ml, had the following levels of endotoxin as determined by gel clot assay (test performed by Associates of Cape Cod): PG, 0.06 ng/ml; III-PS, 0.2 ng/ml; GB-PS, 1.0 ng/ml; and LTA, 1.25 ng/ml.
Endotoxin. Escherichia coli O55:B5 LPS (Sigma) was used as a positive control at a concentration of 100 ng/ml. Polymyxin B (10 g/ml; Sigma) was incubated with LPS in selected experiments for 1 h at 37ЊC before cell exposure. Because of the amounts of endotoxin present in the purified components of GBS, each was exposed to polymyxin B (10 g/ml) in a similar fashion prior to monocyte stimulation. Incubation of LPS (100 ng/ml) in polymyxin B (10 g/ml) decreased TNF-␣ production by 53 Ϯ 16% following 24 h of incubation (data not shown).
Stimulation of monocytes.
Whole GBS cells (10 8 CFU/ml), III-PS (10 g/ml), GB-PS (10 g/ml), LTA (10 g/ml), PG (10 g/ml), or LPS (100 ng/ml) was added to each well. Experiments comparing TNF-␣ production in response to the GBS parent and mutant strains were always run concurrently. Monocytes with medium alone served as controls. At 4, 8, and 24 h, culture supernatants were harvested from individual wells. All solutions and bacterial specimens used in these experiments were free of endotoxin contamination as determined by Limulus amebocyte lysate assay. The supernatants were aliquoted and frozen at Ϫ70ЊC until TNF-␣ determinations. The results shown are corrected for spontaneous TNF-␣ release by unstimulated cells.
TNF-␣ assay. TNF-␣ levels in the culture supernatants were measured with an ELISA (Genzyme, Cambridge, Mass.) according to the manufacturer's recommendations. The lower limit of detection is 15 pg/ml. All determinations were performed in duplicate.
Statistical analysis. TNF-␣ values are expressed as mean Ϯ standard deviation. Analysis of variance for repeated measures was used to simultaneously evaluate the effects of treatment (specific GBS components) and time and the interactions of these variables on TNF-␣ production. The detection of a significant interaction was followed by comparison of treatments at each time, using one-way analysis of variance followed by a multiple-comparison procedure (Fisher's least-significant-difference test) for pairwise treatment comparisons; a P value of Ͻ0.05 was considered to indicate statistical significance. Figure 1 shows the time course and magnitude of TNF-␣ production by neonatal monocytes in response to stimulation with GBS (10 8 CFU/ml). There was no significant difference in TNF-␣ yield by monocytes exposed to the encapsulated strain (COH1) or the isogenic unencapsulated transposon mutant strain (COH1-13). These data suggest that bacterial components capable of causing TNF-␣ release are present in both encapsulated and unencapsulated strains of GBS.
RESULTS

Induction of TNF-␣ by GBS.
Induction of TNF-␣ by purified GBS components. Figure 2 shows the corresponding TNF-␣ release induced by comparable concentrations of each GBS component following 8 h of incubation. Based on these studies, all subsequent experiments were performed with a concentration of 10 g of each bacterial component per ml. The results shown are corrected for spontaneous TNF-␣ release by unstimulated cells (4 h ϭ 10 Ϯ 22 pg/ml; 8 h ϭ 69 Ϯ 67 pg/ml; 24 h ϭ 66 Ϯ 98 pg/ml). The kinetics of TNF-␣ release by neonatal monocytes in response to stimulation by specific components of GBS are summarized in Fig. 3 . The cell-associated GB-PS was highly effective in inducing TNF-␣ release by cord blood monocytes. Supernatants were collected after 4, 8, and 24 h of incubation. LPS (100 ng/ml) from E. coli O55:B5 was used as a control. 
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on February 23, 2013 by PENN STATE UNIV http://iai.asm.org/ pg/ml) were similar to those noted for the unencapsulated GBS mutant (1,816 Ϯ 375 pg/ml). TNF-␣ release in response to GB-PS paralleled that induced by LPS (Fig. 3 ) at 8 and 24 h. However, the concentration of GB-PS was 100-fold greater than that of LPS. Figure 3 also shows that purified PG (10 g/ml) isolated from type III GBS was a potent inducer of TNF-␣ release by cord blood monocytes. As with the GB-PS, after 8 h of incubation, TNF-␣ release induced by PG reached 79% of the maximum value induced by this GBS component. While PGinduced TNF-␣ levels were similar to those triggered by GB-PS, the production of TNF-␣ was significantly different (P Ͻ 0.05) from that induced by III-PS or LTA.
The III-PS of GBS was a weak inducer of TNF-␣ release. The TNF-␣ levels produced in response to III-PS were significantly less (P Ͻ 0.05) than those induced by GB-PS (Fig. 3) at the same concentration. In addition, TNF-␣ release induced by III-PS was slower than that triggered by GB-PS or LPS. After 4 h of incubation, the TNF-␣ levels induced by GB-PS were equal to those induced by III-PS after 24 h.
Purified LTA of GBS also triggered TNF-␣ production by neonatal monocytes. The magnitude of the monocyte response to LTA was significantly less than that induced by GB-PS and PG at all time points (P Ͻ 0.05). In contrast, LTA and III-PS induced similar amounts of TNF-␣ at 4 and 8 h, but by 24 h LTA had induced significantly higher TNF-␣ levels.
DISCUSSION
Gram-negative bacterial infections are characterized by a marked inflammatory response that leads to significant tissue injury and multiorgan dysfunction. LPS is the predominant component of gram-negative organisms that triggers the release of host-derived proinflammatory cytokines, particularly TNF-␣ and IL-1␤ (37). Gram-positive bacterial infections also can be associated with vigorous inflammatory responses both clinically (8, 18) and experimentally (38) . Infusion of live and heat-killed GBS induces the release of TNF-␣, IL-1␤, and IL-6 in experimental models of GBS infection (11, 30, 31) . In these animal models, elevated levels of TNF-␣ have correlated with disease severity and mortality. In addition, no difference in TNF-␣ production was noted whether an encapsulated strain or an unencapsulated mutant strain of type III GBS was used. With respect to the release of TNF-␣ by human cord blood monocytes stimulated by GBS whole cells, our results confirm those reported by others (41) and emphasize the limited role of capsule in the induction of the host inflammatory response. Recently, Ling et al. (14) reported that heat-killed unencapsulated type III GBS were better than encapsulated GBS at inducing meningeal inflammation (characterized by increased TNF-␣ levels, leukocytosis, and increased protein levels) in a piglet model of GBS meningitis. Taken together, these data suggest that the cell wall is the active bacterial component causing inflammation and that the capsule plays a minor role in cytokine induction in vitro and in vivo.
The capsular polysaccharide of type III GBS is the major virulence factor of this organism (1). This conclusion is supported by the protective effect of type-specific antibody and by the ability of capsule to inhibit complement-mediated opsonization, phagocytosis, and intracellular killing of GBS (2, 3, 19) . We found that the purified III-PS is not required to elicit TNF-␣ release by neonatal monocytes and that its contribution to TNF-␣ production is significantly less (P Ͻ 0.05; Fig. 3) than that of other cell wall-associated components of GBS. Similar findings were noted by Tuomanen et al. (33) (34) (35) for Streptococcus pneumoniae in an animal model of pneumonia and meningitis. Purified capsule of S. pneumoniae did not elicit an inflammatory response when directly instilled into rabbit lungs and induced 1,000-fold less meningeal inflammation than specific cell wall components. These findings do not imply that the GBS capsule is inert with respect to host defense but do suggest that eliciting proinflammatory cytokines is not its major function.
The contribution of the GB-PS, the species-specific cell wall antigen of GBS, in tissue injury during GBS infection has not been defined. In 1975, Lancefield et al. reported that GB-PSspecific antibodies, although broadly reactive among GBS serotypes, were not protective against infection (15) . In the present study, the GB-PS was highly effective and significantly more efficient (P Ͻ 0.05; Fig. 3 ) than the type III capsule at inducing TNF-␣ release by human cord blood monocytes. Similar findings were reported by Mancuso et al. (17) in an experimental model of GBS infection where GB-PS induced significantly higher levels of TNF-␣ than the III-PS. In addition, antibody directed at the GB-PS was as effective as anti-TNF-␣ antibody in preventing the lethal effects of GB-PS. It is perhaps premature to speculate on the relevance of TNF-␣ induction by the GB-PS to the pathophysiology of GBS sepsis. However, easily detectable quantities of GB-PS are released in the serum, urine, and cerebrospinal fluid during human neonatal GBS infection (1, 5) . The present findings have revealed a potentially important biologic effect of the GB-PS that merits attention. PG is a major cell wall component of gram-positive bacteria and is considered to have an important role in inducing inflammation. Its effects on the host immune system include activation of the complement pathway (36) and inhibition of phagocytosis and killing of bacteria by neutrophils (24) . Recent studies have documented that purified PG from staphylococci are capable of inducing TNF-␣ release by human monocytes and that the presence of serum may enhance the effects of PG (21, 32) . It has been postulated that, analogous to LPS, PG may be the primary inducer of the inflammatory response associated with gram-positive sepsis. In our study, purified PG was a strong evoker of TNF-␣ release by cord blood monocytes and was significantly more potent than III-PS and LTA. The mechanism by which PG from GBS binds to monocytes and induces TNF-␣ release is unknown. Mattsson et al. (22) reported that PG-induced TNF-␣ production by human monocytes was independent of CD14 receptor binding. Anti-CD14 antibody did not inhibit TNF-␣ secretion by PG-stimulated cells but did inhibit that induced by LPS. In contrast, Weidemann et al. (39) noted that anti-CD14 antibodies inhibited IL-6 and IL-1␤ production induced by S. aureus PG, suggesting that PG and LPS shared a common biological pathway in cytokine production.
LTA has been implicated as an adhesin for GBS, but its role in the pathogenesis of GBS infection remains controversial (25) . In this study, LTA from GBS was capable of triggering TNF-␣ release, but the magnitude was significantly less than that induced by the other two GBS cell wall components studied. Mancuso et al. (16) reported that anti-LTA antibodies enhanced TNF-␣ production by monocytes sensitized with LTA from group A streptococci. Whether antibodies directed against LTA from GBS would enhance cytokine release by monocytes sensitized with this cell wall component remains to be determined.
Our findings suggest that TNF-␣ production during GBS infection derives primarily from monocyte interactions with bacterial cell wall components rather than with the capsule. In particular, the cell wall-associated group B carbohydrate and PG were shown to be inducers of TNF-␣. However, during GBS infection, any of the cell wall components may act together or with other extracellular molecules, perhaps synergistically, to induce TNF-␣ production. Recently, Peat et al. (27) reported that fibronectin enhanced TNF-␣ production by cultured-derived macrophages stimulated with type III GBS. Antibiotics may actually aggravate inflammation by generating inflammatory cell wall products, as a consequence of effective bacterial killing, that may induce further cytokine production. These factors working in concert may promote clinical deterioration and occasionally death despite bacteriologic cure of neonates with GBS infection.
